does not return to the defect chalcopyrite phase; it partially retains the disordered-rocksalt phase and partially transforms to the spinel structure. The nature of the spinel structure is confirmed by the good agreement of our experimental results with our theoretical calculations. All in all, our experimental and theoretical results provide evidence that the spinel and defect chalcopyrite phases of CdAl 2 S 4 are competitive at 1 atm. This result opens the way to the synthesis of spineltype CdAl 2 S 4 near ambient conditions.
INTRODUCTION
There is a vast number of compounds with AB 2 X 4 stoichiometry, where A and B refer to cations and X corresponds to the anion, depending on the cation and anion valences to fit the octet rule. All the families of AB 2 X 4 compounds have one thing in common; i.e, they have an unbalanced number of cations (3) and anions (4) per formula unit. Therefore, from the point of view of structural phase transitions at different temperatures or pressures, these compounds are prone to suffer order-disorder processes where cations may get mixed with vacancies at cation sites to fulfill the requirements of highly-coordinated structures.
Chalcogenides with A II B 2 III X 4 VI stoichiometry constitute a vast family of compounds crystallizing at ambient conditions in a great variety of structures. However, they can be classified into three main groups: i) compounds crystallizing in the spinel or related structures; ii) compounds crystallizing in tetrahedrally-coordinated structures, derived from the diamond and zincblende structures with ordered vacancies in the unit cell and known as adamantine-type ordered-vacancy compounds (OVCs); and iii) compounds crystallizing in structures not related to those of spinel or to those of OVCs, e.g. layered materials. Usually, oxides belong to the first group, selenides and tellurides to the second group, and sulphides belong either to the first, to the second, or to the third group.
Adamantine OVCs crystallize in tetragonal structures resulting from the doubling of the cubic zincblende unit cell along the c axis. These tetragonal structures, mainly with defect chalcopyrite last thirty years. [1] [2] [3] [4] In particular, CdAl 2 S 4 is a promising thioalluminate semiconductor applicable to photonic devices in the blue spectral region because of their wide band gap with a direct band structure. 5, 6 In the last decade, there has been an increasing interest in understanding the high pressure (HP)
behavior of OVCs at ambient temperature as recently reviewed. 7, 8, 9 Most of the HP studies of
OVCs have been devoted to selenides and only a few to tellurides 10 and sulfides. [11] [12] [13] [14] [15] [16] [17] [18] In particular, DC-CdAl 2 S 4 has been the subject of several HP x-ray diffraction (XRD) and Raman scattering (RS) studies. 11, 13, 15 These works have shown contradictory results regarding the structure of the recovered sample after pressure loading. On the other hand, a recent study has predicted that CdAl 2 S 4 is a compound which is in the borderline between spinel-type and defect chalcopyrite-type AB 2 X 4 compounds. 19 It is noteworthy to highlight that CdAl 2 S 4 shows the highest tetragonal distortion of all compounds crystallizing in the DC structure. Therefore, the HP study of CdAl 2 S 4 could provide interesting information about the stability frontiers between different structures of AB 2 X 4 compounds.
The above considerations have made us turn our attention to CdAl 2 S 4 . In the present work, a combined experimental and theoretical investigation of the structural and vibrational behavior of Furthermore, it is shown that CdAl 2 S 4 can be recovered at ambient conditions in the spinel phase in downstroke from 25 GPa. This result is in good agreement with our theoretical calculations that confirm that CdAl 2 S 4 is on the borderline between spinel-type and DC-type AB 2 X 4 compounds and that both phases are indeed competitive at 1 atm.
EXPERIMENTAL METHODS
Schwer and Krämer determined that CdAl 2 S 4 crystallizes in the ordered DC structure at ambient conditions. 20 Samples used in the present study were single crystals of DC-CdAl 2 S 4 grown from CdS and Al 2 S 3 precursors by chemical vapor transport method using iodine as a transport agent. 21 Chemical and structural analyses showed the stoichiometric composition of the crystals and that no spurious phases are present. For HP experiments, samples were loaded in the 150 µm diameter hole of an Inconel gasket inside a membrane-type diamond anvil cell with a 16:3:1 methanol-ethanol-water mixture as a pressure-transmitting medium, which behaves hydrostatically up to 10.5 GPa and quasi-hydrostatically up to the maximum pressure attained in this study (25 GPa) . 22, 23 In a HP experiment the error sources in the pressure calibration are coming not only from the loss of hydrostaticity but from the difference in the radial distribution of pressure inside the pressure cavity, the stress produced in the pressure gauge by the sample itself, etc. These different error sources make that the error produced in the determination of the pressure by the loss of hydrostaticity of the pressure-transmitting medium is not relevant below (PBEsol) . 31 The projector augmented wave scheme 32 was adopted to take into account the full nodal character of the all-electron charge density distribution in the core region. The semicore 4d
electrons of Cd were dealt with explicitly. The basis sets employed included planes waves up to a kinetic energy cutoff of 370 eV to achieve highly converged results that ensure an accurate description of the electronic properties.
The Monkhorst-Pack scheme was used for the Brillouin zone integrations in each of the above mentioned structures. We used a dense mesh of k-points to obtain a high precision in the calculation of energies (about 1 meV per formula unit) and the forces on the atoms. At each selected volume, the structures here considered were fully relaxed to their equilibrium configuration through the calculation of the forces and the stress tensor until the forces on the atoms were smaller than 0.004 eV/Å and the deviation of the stress tensor from a diagonal hydrostatic form was less than 1 kbar. Details of our total-energy calculations can be already found in literature for the DC-structure, [33] [34] [35] The application of DFT-based total-energy calculations to the study of semiconductors is a well-established method that describes correctly the phase stability and the electronic and dynamical properties of compounds under HP. 38 Lattice-dynamics calculations of phonon modes were performed in the DC and spinel structures at the zone center (Γ point) of the Brillouin zone. For the calculation of the dynamical matrix at the Γ point, we used the direct force-constant approach 37 which requires highly 8 converged results on forces. The construction of the dynamical matrix involves separate calculations of the forces considering fixed displacements from the equilibrium configuration of the atoms within the primitive unit cell. The number of needed independent displacements in the analyzed structures is reduced due to the crystal symmetry. Diagonalization of the dynamical matrix provides the frequencies of the normal modes. Moreover, these calculations allow identifying the symmetry and eigenvectors of the vibrational modes in each structure at the Γ point. Details of our lattice dynamics calculations for the DC structure can be consulted in Ref.
34 and those of the spinel structure in Ref. 37 .
In order to include the transversal-longitudinal optic (TO-LO) splitting of polar B and E modes at the Γ point in the DC phase at different pressures, we performed lattice-dynamics calculations in the framework of Density Functional Perturbation Theory (DFPT) 39 with the Quantum Espresso package. 40 In this package, the electric field, that it is not included in the previous direct force method was considered by adding the non-analytic term due to the long-range interaction.
For these calculations, we have used ultra-soft pseudopotentials with a cutoff of 60 Ry, a big sampling of k-special points to obtain well converged results, and the same exchange correlation prescription used in the total-energy and lattice-dynamics DFT calculations. We have checked that for a given pressure this method yields similar phonon frequencies than DFT calculation with the direct method. 41 
RESULTS AND DISCUSSION

XRD measurements in DC-CdAl 2 S 4
Ambient temperature angle-dispersive XRD patterns of DC-CdAl 2 S 4 at selected pressures up to 25.5 GPa are displayed in Fig. 2 15 and similar to that found in other OVCs. The transition pressure in our XRD study (~12 GPa) is larger than that found in a previous HP-XRD study (9 GPa), 15 but it is in very good agreement with the previous HP-RS studies (14 GPa).
11,13
An example of the most relevant Rietveld refinements carried out in this work is shown in Fig.   3 . At low pressure (0.5 GPa), our XRD pattern can be refined to a DC-structure with a good Rfactor (R wp =2.3%), as shown by comparison with the calculated XRD profile plotted in the figure. At the highest pressure reached (25.5 GPa), the experimental XRD pattern can be assigned to the DR structure (R wp = 3.4%).
When pressure was released to 1 atm, XRD patterns revealed the presence of a new phase (see Bragg peaks at 7-8° of the released powder sample in Fib. 3) in coexistence with the DR phase.
In order to favor the transition after release of pressure, we tried to heat the sample with a 488 nm laser operating at 40 mW for a reduced time (3 hours). Unfortunately, the XRD patterns taken afterwards did not show evident changes. Note that the XRD pattern of the releasedpowder sample in Fig. 3 continues showing a good Rietveld refinement with the DR phase (R wp =4.6%) even though the presence of the new phase is not taken into account. In order to improve this refinement and identify the new phase, we tentatively performed a Le Bail refinement of this diffraction pattern to a spinel phase. Figure 3 shows indeed an improvement of the correlation factor (R wp =4.0%) and a relatively good approach to the identification of this new phase, obtaining a lattice parameter of a = 10.33(2) Å for the spinel structure, when both DR and spinel phases are considered together.
We must notice that the amount of DR-CdAl 2 S 4 undergoing a transition to the spinel structure at 1 atm is very small. This result could explain why previous RS experiments showed that most of the sample remains in the metastable DR phase at ambient conditions. 11 In fact, the observation of the spinel phase on decreasing pressure in CdAl 2 S 4 at 300K and 1atm could appear rather surprising at first glance. In the last decade it has been shown that many OVCs either retain the DR phase metastable at 1 atm or they undergo a phase transition from the DR phase to the disordered zincblende (DZ) structure (S.G. F-43m, No. 216, Z=1) at 1 atm. We will discuss in more detail the transformation of DC-CdAl 2 S 4 to the spinel structure in the next section after considering RS measurements and theoretical calculations which will allow us to get a deeper insight into this problem. It is important, however, to point out that Meenakshi et al. 15 reported an additional phase upon unloading which they attributed to the DZ structure, which has not been observed in our experimental study. Curiously, the most intense Bragg peak identify the DZ phase in CdAl 2 S 4 was the peak observed around 19° assigned to the (220) peak of the DZ phase; however, we must note that this feature could also be assigned to the (220) peak of the DR phase. Moreover, the (331) peak of the DZ phase is close to the (420) Bragg peak of the DR phase. Therefore, taking into account all these considerations we think that the XRD Table 1 ). Trials to get the pressure dependence of the atomic coordinates of S atoms in the whole pressure range of stability of the DC phase, were not fruitful due to the non-uniform crystal sizes of our powder sample.
As regards the pressure dependence of the a and c lattice parameters in DC-CdAl 2 S 4 , Fig We also want to comment on the pressure dependence of the c/a ratio of the DC phase since the tetragonal distortion, δ=2-c/a, could give important information about the behavior of the sample under compression. In this respect, it is important to note that DC-CdAl 2 S 4 , together with DC-CdGa 2 S 4 , exhibits the highest tetragonal distortion reported in OVCs (δ=0.165) at 1 atm. ratio increases smoothly from 1.82 at 1 atm to 1.84 at 9.9 GPa. However, at 11.3 GPa where the onset of the phase transition to the DR phase occurs, the unit cell parameters change drastically; 14 i.e. the c axis increases and the a axis collapses, in such a way that the volume decrease continuously with pressure (see Fig. 4(a) ) and the c/a ratio jumps to almost 1.88. This result contrasts with our first-principles calculations, where this ratio increases continuously with pressure from 1.83 to 1.88 (see Fig. 4(b) ).
Finally, as regards the HP phase with sixfold coordinated DR structure, a third-order BirchMurnaghan EOS (see Fig. 4 
RS measurements in DC-CdAl 2 S 4
According to group theory, 48 the DC-structure of CdAl 2 S 4 has twenty-one vibrational modes at Γ with mechanical representation: In the low-frequency region, the phonon density of states displayed shows that Cd atoms dominate the vibrations below 80 cm -1 while S atoms dominate above 80 cm -1 , with a minor contribution of Cd and Al atoms. In the medium-frequency region, the S contribution is even more dominant than in the low-frequency region. This explains why all modes with A symmetry, which correspond to the vibrations of S atoms around the vacancy, are located in the medium frequency region while E and B modes are spread along the three frequency regions. We must note that the most intense peak of the Raman spectrum of DC-CdAl 2 S 4 (the A 1 mode near 213 cm -1 in Fig. 6(a) ) has also a small contribution of Cd and Al cations, which could be explained as a result of the perturbation produced in the lattice due to the high intensity of this resonance. In 
16
The atomic contribution to vibrations in the high-frequency region, which involves only vibrations of Al and S, claims for a comparison with the vibrations in the defective spinel Al 2 S 3 ;
however, the Raman spectrum of Al 2 S 3 has not been obtained yet due to the high sensitivity of this compound to the ambient moisture. 49 Therefore, we suggest that the high-frequency modes observed in the high-frequency region of CdAl 2 S 4 could be considered as a possible extrapolation to the Raman modes that could be found in Al 2 S 3 .
HP-RS spectra of DC-CdAl 2 S 4 up to 15 GPa are shown in Figure 6 (a) where the Raman-mode symmetry assignment has been performed on the basis of our theoretical calculations. At low pressures, the RS spectra are similar to those reported by Burlakov et al., 11 whose spectra and interpretation are also similar to those reported by Razzetti et al. 51 and Eifler et al. 52 The pressure dependence of 16 Raman-active modes and the LO-TO splittings in DC-CdAl 2 S 4 corresponding to E 1 , E 3 and E 5 modes have been measured. In particular, we noted that B 4 mode becomes relevant from 3.3 GPa onwards, being distinguishable until the phase transition near 13 GPa;
however, we could not observe the difference between the E 5 and B 5 LO modes whose contributions are merged in the Raman peak located at 500 cm -1 .
The pressure dependence of the experimental and theoretical (including the TO-LO splitting)
Raman mode frequencies of the DC-CdAl 2 S 4 phase up to 15 GPa is shown in Figure 6 (b). It can be observed that the peaks in the medium-and high-frequency regions shift to higher frequencies as pressure increases while most of the peaks of the low-frequency region show a small positive or even negative pressure coefficient as it has been previously observed in other AB 2 X 4 OVCs.
7,8
In general, our experimental Raman mode frequencies and pressure coefficients at zero pressure for DC-CdAl 2 S 4 agree with those reported in previous works 11, 13 and with our theoretical values.
Therefore, the application of pressure allows us to identify the symmetry of the experimental Raman modes with the help of ab initio calculations. The experimental and theoretical Raman mode symmetries, and their frequencies and pressure coefficients at zero pressure, as obtained from fits to the data using the ω = ω 0 + aP+bP 2 equation, are summarized in Table 2 .
Note that we have assigned the modes below 220 cm -1 in the same way as Burlakov et al.
11
However, the symmetry for modes of higher frequencies show some discrepancy with previous results. It must be mentioned that the discrepancies in the assignment of the symmetry of highfrequency modes in OVCs are very common because of the observation of quasi-modes instead of pure modes in uniaxial crystals. 17, 33, [53] [54] [55] For CdAl 2 S 4 , the high quality of our Raman spectra and the similarity of the experimental and theoretical pressure dependence of the modes allows a rather clear assignment of the mode symmetry on the light of our theoretical calculations and previous Raman studies. A comparison with previous studies, in particular, with the results of Burlakov et al. 11 , show that our main difference is that in our case we were able to distinguish experimentally between the B 4 and A 3 modes but not between E 5 and B 5 LO modes.
These two last modes were reported with the same pressure coefficient by Burlakov et al.
while our calculations show that the pressure coefficient of B 5 (LO) is almost two times higher than the one of E 5 (LO). In this respect, we have interpreted that the highest-frequency mode measured is a mixture of E 5 (LO) and B 5 (LO) but with larger B 5 (LO) character (see Fig. 6(b) ).
We should emphasize that this assignment agrees with those obtained by Eifler et al. 52 by IR reflectivity and Raman measurements at ambient conditions.
In order to obtain more information on the pressure-induced order-disorder process in DC- 53 In particular, in the work on DC-CdGa 2 Se 4 , it was suggested that there are two possible DS polytypes (models 2 and 3) with less Raman peaks than the DC phase and which could explain the Raman results. 34 The existence of this intermediate DS phase in CdAl 2 S 4 could be consistent with the observation of the disappearance of the A 2 peak above 6 GPa in DC-CdAl 2 S 4 .
RS measurements in the HP phase
All Raman-active modes of DC-CdAl 2 S 4 phase disappear above 13 GPa and a partially flat spectrum is observed. A similar result was observed in previous RS studies above 14 GPa, 11, 13 which is consistent with the phase transition to the Raman-inactive DR phase observed by our XRD measurements near 12 GPa. This result is similar to that found in many other OVCs which undergo a phase transition to the DR phase above 20 GPa, like CdGa 2 Se 4 and HgGa2Se4. 33, 42, 44, 55 We must note that the flat RS spectrum shows indeed some very broad peaks with very small intensity as it can be observed in the RS spectrum of 13.7 GPa (see Fig. 6(a) ).
These small bands could be attributed to defect-assisted RS as already observed in other compounds having a HP rocksalt phase.
56
RS measurements in the recovered phase
On decreasing pressure from 25 GPa slowly down to 0.5 GPa and leaving the sample to reach equilibrium we noted that the RS spectrum changed considerably and new peaks appeared (see Fig. 7(a) In order to identify the structure of the recovered sample, we performed HP-RS measurements during a second upstroke (see Fig. 7(a) ). The pressure dependence of the Raman-active mode frequencies is plotted in Fig. 7(b) . Therefore, our results suggest that CdAl 2 S 4 could crystallize at ambient conditions in the spinel phase or could be, at least, metastable at ambient conditions. Our lack of observation of the spinel phase at HP at 300 K and its observation after a HP treatment (1 GPa) at high temperature (700 K) 58 is a clear evidence that there must be a kinetic barrier impeding the DC-to-spinel transformation at 300 K, which could be the reason why the spinel phase can be only obtained at 300 K in downstroke from the DR phase.
On the basis of the above results, we performed lattice-dynamics calculations for the perfect normal spinel phase at several pressures up to 11 GPa. The pressure dependence of the calculated Raman-active mode frequencies of the spinel phase is plotted in Fig. 7 (b) with solid lines. As it can be observed, there is a reasonable agreement with the experimental results, especially for the more intense Raman modes. In this context, we must note that the agreement between experiment and theory cannot be perfect for two reasons: i) our sample is a partially inverse spinel with a mixture of Cd and Al cations in both cation sites of the spinel lattice while our calculations are performed for a perfect normal spinel structure; and ii) our sample should exhibit some disorder; i.e., vacancies occupying cation sites and cations occupying interstitial sites.
These defects are likely due to the partial irreversibility of the pressure-induced order-disorder transition on going from the perfect DC phase to the cation-disordered rocksalt phase.
The Raman modes observed in the recovered sample of CdAl 2 S 4 can also be compared with those of ZnAl 2 S 4 , which can be synthesized (depending on the growth conditions) in the spinel structure (α-phase). In order to find more evidences supporting the assignment of the recovered phase in CdAl 2 S 4
to the spinel structure and in order to study if the grain size could affect the rate of transformation to the spinel structure, we loaded a single crystal in a DAC and measured XRD in the recovered sample after a pressure cycle (increasing pressure up to 25 GPa and decreasing down to almost 0 GPa). Due to the evident technical difficulties faced by measuring XRD in a sample which is neither a powder nor a single crystal (since the single crystal is destroyed during the DC-to-DR phase transition), we could not carry out a Rietveld refinement. Instead, we performed a Le Bail refinement with the cubic spinel structure (shown on top of Fig. 3 ) using the atomic positions at the spinel phase obtained from theoretical calculations. Our XRD results on the recovered single crystal clearly indicate a much larger proportion of the spinel phase than of the metastable DR phase, unlike it was observed in the recovered powder sample. In summary, our analysis clearly indicates that the new phase in downstroke can be identified as the spinel structure in good agreement with our RS results and the high stability of this phase proposed by our theoretical calculations.
From the Le Bail refinement, we obtained a lattice parameter for the spinel phase of CdAl 2 S 4 (a = 10.325(4) Å) slightly different (less than 1%) from the value theoretically predicted (a teo = 10.24 Å), which is similar to that obtained by Range et al. 58 who showed that various OVCs (including CdAl 2 S 4 ) can be crystallized in the spinel structure after a high-pressure/high temperature treatment. The disagreement with the theoretical value could be due to the degree of 22 inversion and cation-vacancy disorder present in our samples and/or the underestimation of the theoretical lattice parameters.
Note that in our case the spinel structure was obtained after a HP treatment at ambient temperature. Therefore, this work suggests that the growth of the spinel phase of CdAl 2 S 4 at near ambient temperature is possible. In this respect, our results are in very good agreement with Zhang and Zunger 19 who systematized the prediction of structures of A 2 BX 4 compounds on the basis of quantum-mechanical orbital radii and showed that CdAl 2 S 4 is on the borderline between DC and spinel structures.
Finally, it must be mentioned that RS measurements performed in the spinel phase during the second upstroke, evidenced a phase transition above 10 GPa to a structure whose RS spectrum was flat; i.e., resembling that of the previous DR structure. Besides, the RS spectrum of the spinel phase was again recovered on decreasing pressure (see Fig. 7(a) ), thus showing the reversibility of this phase transition. Noteworthy, in ZnAl 2 S 4 a phase transition from the wurtzite structure towards the DR structure has been reported; however, the spinel phase of ZnAl 2 S 4 was observed to undergo a phase transition to the CaFe 2 O 4 -type phase like it has been observed in different oxospinels. 61 Note that despite CaTi 2 O 4 shows a higher stability than the post-spinel CaFe 2 O 4 , no evidence of transition towards the former phase has been observed in sulfur compounds. In fact, Cd, Mg and Mn indium thiospinels have been found to undergo a phase transition towards the defect-LiTiO 2 structure which was simulated by the Imma substructure, as already commented. 36 Our calculations (Fig. 8) 9638775269. E-mail: juasant2@upv.es
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